INTRODUCTION {#s1}
============

The Notch signaling pathway plays a key role in early stages of normal T-cell development and when hyperactivated is a potent inducer of T-cell acute lymphoblastic leukemia (T-ALL) (for recent review, see [@KNOECHELMCS000539C29]). The most common mechanism for oncogenic activation of Notch signaling in T-ALL is gain-of-function mutations in *NOTCH1*, which occur in \>50% of human T-ALLs. T-ALLs can be subclassified into early T-cell progenitor ALL (ETP-ALL), cortical T-ALL, and mature T-ALL based on stage-specific differentiation markers, with ETP-ALLs being defined by the absence of CD4, CD8, and CD1a and frequent expression of one or more myeloid markers ([@KNOECHELMCS000539C4]). Early work suggested that NOTCH1 mutations were absent from ETP-ALL; indeed, T-ALLs expressing myeloid markers, a characteristic of ETP-ALL, have been excluded from some trials of Notch pathway inhibitors. However, earlier sequencing studies focused on pediatric ETP-ALL ([@KNOECHELMCS000539C37]), and more recent studies of adult ETP-ALL have shown that NOTCH1 mutations occur in a significant minority of cases ([@KNOECHELMCS000539C22]).

Notch receptors are large multimodular single-pass transmembrane proteins that are activated when they engage ligands of the JAGGED or DELTA families expressed on neighboring cells (for review, see [@KNOECHELMCS000539C16]). Ligand binding alters the conformation of a juxtamembrane negative regulatory region (NRR), rendering Notch sensitive to successive cleavages by ADAM metalloproteases and the intramembranous γ-secretase complex. γ-Secretase cleavage in turn allows the intracellular portion of Notch (ICN) to translocate to the nucleus and form a transcription activation complex with the DNA-binding factor RBPJ and coactivators of the MAML family. The most common NOTCH1 mutations in T-ALL derange the structure of the NRR ([@KNOECHELMCS000539C19]), leading to ligand-independent ICN generation and overexpression of key target genes such as *MYC*, mainly via interaction of ICN/RBPJ complexes with long-range enhancers ([@KNOECHELMCS000539C13]; [@KNOECHELMCS000539C34]).

The frequent presence of NOTCH1 gain-of-function mutations in T-ALL has provided the rationale for clinical trials of GSIs. Initial trials were plagued by on-target gut toxicity, and the perception that GSI have unacceptable toxicities is still pervasive. However, with intermittent dosing, GSIs can be given safely and have tolerable toxicities, as shown by phase I trials of GSIs in solid tumors (for review, see [@KNOECHELMCS000539C1]). What mainly has been lacking is evidence of strong sustained anti-tumor responses. Here we describe the case of a 53-yr-old male with relapsed refractory ETP-ALL who experienced a complete hematologic remission associated with a deep molecular response following treatment with the GSI BMS-906024.

RESULTS {#s2}
=======

A male patient presented at the Dana-Farber Cancer Institute (DFCI) at the age of 53 yr with relapsed refractory ETP-ALL. ETP-ALL was first diagnosed 8 mo prior to presentation. At this time, flow cytometric analysis showed a CD45(dim) blast population that was positive for CD34 (84%), CD3 (cytoplasmic, 90%), CD5 (75%), CD7 (86%), CD33 (87%), and TdT(dim, 58%), and negative for CD1a, CD4, and CD8. Cytogenetics revealed a 46,XY karyotype with del(7p13). The patient was treated with induction chemotherapy at an outside institution per the CALGB 9111 regimen ([@KNOECHELMCS000539C17]). A repeat marrow examination 4 wk after induction was interpreted as being consistent with remission, and repeat cytogenetic analysis showed a normal 46,XY karyotype. After two cycles of consolidation chemotherapy, the patient was started on methotrexate/mercaptopurine maintenance therapy 6.5 mo after initial presentation. This was complicated by severe neutropenia, necessitating a 50% reduction in the second cycle of maintenance chemotherapy.

A routine follow-up marrow examination before the third cycle of maintenance therapy showed evidence of early relapse of ETP-ALL, and he was referred to the DFCI for further treatment. Two cycles of salvage nelarabine therapy were given, but repeat marrow examination after the second cycle revealed persistent ETP-ALL. Flow cytometric analysis at this time showed CD45(dim) blasts that were positive for CD34 (99%), HLA-DR (10%), CD5 (97%), CD7 (98%), CD13 (98%), CD33 (100%), and TdT (dim, small subset), and negative for CD1a, CD4, CD8, and surface CD3. Cytogenetic analysis again showed a 46,XY karyotype with del(7p13). TCRγ (encoded by *TRG*) gene analysis revealed monoallelic rearrangement of TCRγ (data not shown), a feature also consistent with ETP-ALL that has been associated with high-risk disease ([@KNOECHELMCS000539C12]).

The patient was enrolled on a trial of BMS-906024, an intravenously administered GSI, at a dose of 6 mg once per week in 4-wk cycles. The patient also received dexamethasone, 20 mg orally, for 4 d with the first dose of BMS-906024 during the first and second cycles of BMS-906024 treatment. The first 4-wk cycle of BMS-906024 was complicated by severe thrombocytopenia, which necessitated holding BMS-906024 for 1 wk after the second dose, after which treatment resumed. By the end the first 4-wk cycle of therapy, blasts were cleared from the peripheral blood ([Table 1](#KNOECHELMCS000539TB1){ref-type="table"}) and bone marrow ([Fig. 1](#KNOECHELMCS000539F1){ref-type="fig"}). By the end of the second 4-wk cycle of BMS-906024, peripheral blood counts had normalized ([Table 1](#KNOECHELMCS000539TB1){ref-type="table"}), the marrow was normocellular and showed maturing trilineage hematopoiesis ([Fig. 1](#KNOECHELMCS000539F1){ref-type="fig"}), and minimal residual disease testing by flow cytometry was negative (1 × 10^6^ events evaluated). Cytogenetic analysis revealed a normal 46,XY karyotype.

![Bone marrow biopsy histology prior to and 4 and 7 wk after initiation of treatment with BMS-906024 (hematoxylin and eosin staining, 400× magnification). The marrow contains mainly blasts prior to treatment that are cleared following treatment.](KnoechelMCS000539_F1){#KNOECHELMCS000539F1}

###### 

Hematologic response following initiation of BMS-906024 treatment

  Days       0     7      14    21     28      35    42     50      56       63    76     83    101
  -------- ----- ------ ------ ----- ------- ------ ----- ------ --------- ------ ----- ------ -----
  GSI       \+     \+           \+     \+      \+    \+     \+      \+       \+    \+          
  DEX       \+                         \+                                                      
  WBC       46    14.7   9.3    0.9    0.9    1.6    1.6   2.2      3.9     4.1    6.3   8.9    6.4
  Blasts    85%   80%    46%    --     --      --    --     --      --       --    --     --    --
  Hgb       9.9   10.8   10.1   7.4    8.5    10.5   8.9   10.8    11.3     11.8   12    12.9   12
  Plt       42     13     7      4      9      22    50     91      117     109    179   166    163
  MRD                                 Neg\*                       Neg\*\*                      

GSI, days on which BMS-906024 was administered; DEX, starting point of 4 d cycles of dexamethasone; WBC, white blood cell count, 10^3^/mm^3^; blasts, peripheral blood blasts; Hgb, hemoglobin, gm/dL; Plt, platelet count, 10^3^/mm^3^; MRD, minimal residual disease by flow cytometry; Neg\*, no leukemic blasts detected in 1.2 × 10^5^ events; Neg\*\*, no leukemic blasts detected, 1 × 10^6^ events.

The patient subsequently received one additional 4-wk cycle of BMS-906024 without complication, and then was removed from protocol in preparation for hematopoietic stem cell transplantation from a matched unrelated donor. Conditioning for transplantation consisted of Cytoxan, 1800 mg/m^2^, for 2 d and 1200 cGy of total body irradiation in six fractionated doses. The posttransplant course was complicated by grade 4 skin and ocular acute graft-versus-host disease (GVHD) and subsequently by moderately severe skin and ocular chronic GVHD. He is now 19 mo posttransplant with no evidence of leukemia.

To gain insight into the basis of this tumor\'s response to BMS-906024, we initially performed targeted next-generation sequencing (NGS) using a previously reported gene panel ([@KNOECHELMCS000539C31]) and subsequently extended this to whole-exome NGS (WES). Both sequencing analyses revealed driver mutations in *NOTCH1*, *PTPN11*, and *DNMT3A*, and WES revealed an additional driver mutation in *CSF3R* ([Table 2](#KNOECHELMCS000539TB2){ref-type="table"}), a gene that was not covered by the targeted gene panel used. All four driver mutations were subsequently confirmed by direct Sanger sequencing of PCR products (Supplemental Fig. 1). Based on the variant allele fraction, the *CSF3R* mutation was present at heterozygous dosage and resulted in a T618I substitution. This mutation has been described in a high fraction of chronic neutrophilic leukemia and produces constitutive activation of CSF3R (also known as the G-CSF receptor) ([@KNOECHELMCS000539C20]). The *PTPN11* mutation also appeared to be heterozygous based on variant allele fraction and resulted in a F285S substitution that corresponds to a gain-of-function mutation implicated in a subset of Noonan syndrome ([@KNOECHELMCS000539C28]). Virtually all *DNMT3A* sequence reads were mutant; based on lack of evidence of copy-number variation in the region of Chromosome 1 containing *DNMT3A* (described below), this mutation appears to be homozygous and creates a nonsense mutation at codon 402. The encoded mutated polypeptide, DNMT3A Q402\*, lacks the carboxy-terminal plant homeodomain and catalytic domain that are required for DNMT3A function. Consistent with the diagnosis of ETP-ALL, gain-of-function *CSF3R* and *PTPN11* mutations and loss of function *DNMT3A* mutations have been described in ETP-ALL ([@KNOECHELMCS000539C4]; [@KNOECHELMCS000539C37]; [@KNOECHELMCS000539C20]), but not, to the best of our knowledge, in cortical or mature T-ALL.

###### 

Genomic alterations identified by next-generation sequencing

  Gene                                                                    Chrom.    HGVS DNA Ref.   HGVS protein ref.  Variant allele fraction (%)   Fold coverage   Effect
  ----------------------------------------------------------------------- -------- --------------- ------------------- ----------------------------- --------------- --------
  Targeted-exon sequencing (leukemia, bone marrow aspirate, 85% blasts)                                                                                              
  *NOTCH1*                                                                9          c.4775T\>G         p.F1592C       64.9                          165             GOF
  *PTPN11*                                                                12          c.854T\>C          p.F285S       40.0                          115             GOF
  *DNMT3A*                                                                2          c.1204C\>T         p.Q402\*       99.3                          139             LOF
  Whole-exome sequencing (leukemia, bone marrow aspirate, 85% blasts)                                                                                                
  *NOTCH1*                                                                9          c.4775T\>G         p.F1592C       70.5                          94              GOF
  *PTPN11*                                                                12          c.854T\>C          p.F285S       45.7                          142             GOF
  *DNMT3A*                                                                2          c.1204C\>T         p.Q402\*       98.7                          89              LOF
  *CSF3R*                                                                 1          c.1853C\>T          pT618I        46.2                          97              GOF
  Whole-exome sequencing (remission marrow, no identified lymphoblasts)                                                                                              
  *NOTCH1*                                                                9              WT                                                          48              
  *PTPN11*                                                                12             WT                                                          108             
  *DNMT3A*                                                                2          c.1204C\>T         p.Q402\*       54.6                          67              LOF
  *CSF3R*                                                                 1              WT                                                          76              

HGVS, Human Genome Variation Society; GOF, gain of function; LOF, loss of function; WT, wild type.

The *NOTCH1* mutation is predicted to create a F1592C substitution in the NOTCH1 negative regulatory region (NRR) ([Fig. 2](#KNOECHELMCS000539F2){ref-type="fig"}A), which is the most common site of NOTCH1 gain-of-function mutations in T-ALL and ETP-ALL. Because the F1592C mutation has not been described, we scored this mutant in functional studies using a standard Notch reporter gene assay in which NRR mutants are expressed in a form of NOTCH1 lacking the ligand-binding region of the receptor ([@KNOECHELMCS000539C19]), enabling measurement of the effects of various sequence variants on ligand-independent NOTCH1 activation. This assay confirmed that F1592C causes ligand-independent γ-secretase-dependent activation of NOTCH1 signaling ([Fig. 2](#KNOECHELMCS000539F2){ref-type="fig"}B). We also used the NGS data to determine genomic copy-number changes. This revealed the 7p deletion noted by karyotyping and a previously unrecognized 10p deletion and a single copy gain involving 9q, including the region encompassing the *NOTCH1* locus ([Fig. 2](#KNOECHELMCS000539F2){ref-type="fig"}C), an event that has been reported in T-ALL ([@KNOECHELMCS000539C30]). In this case, the 9q duplication involved the mutated *NOTCH1* allele, as the variant allele:WT allele read ratio was ∼2:1 in both sequencing analyses ([Table 2](#KNOECHELMCS000539TB2){ref-type="table"}). In line with these observations, studies performed in vitro prior to initiation of BMS-906024 therapy showed that the leukemic blasts contained high levels of activated NOTCH1 (ICN1) that were markedly decreased by treatment with the GSI DBZ ([Fig. 2](#KNOECHELMCS000539F2){ref-type="fig"}D).

![Characterization of the NOTCH1 gain-of-function mutation F1592C. (*A*) Position of F1592C in the NOTCH1 negative regulatory region (NRR). Mapping is based on the crystallographic structure of Gordon et al. ([@KNOECHELMCS000539C11]). Residues previously reported be mutated in T-ALL are shown in green (core residues), orange (interdomain interface residues), or purple (polar residues). The three LNR repeats are colored various shades of pink with a translucent surface, and the core "heterodimerization domain" is colored blue prior to the site of furin cleavage (HD-N) and cyan thereafter (HD-C). F1592 sits in the center of the hydrophobic core of the heterodimerization domain. The image is rendered with the program Pymol and is adapted from Gordon et al. ([@KNOECHELMCS000539C10]). (*B*) F1592C leads to ligand-independent activation of NOTCH1. The ability of the F1592C variant to activate a Notch firefly luciferase reporter gene was compared with wild-type NOTCH1 and two previously characterized gain-of-function mutants, F1592S and L1593P. Firefly luciferase activity was normalized to an internal *Renilla* luciferase control reporter gene. Normalized firefly luciferase activity is expressed related to the activity of wild-type NOTCH1, which is arbitrarily set to a value of 1. Each expression plasmid was tested in three independent experiments; error bars represent the standard deviations. (*C*) Copy-number gains and losses. The copy number of chromosomal regions was determined from sequencing data as described ([@KNOECHELMCS000539C31]). (*D*) Effect of the GSI diaminobenzidine (DBZ) on activated NOTCH1 (ICN1) levels in leukemic blasts. Blasts were treated with vehicle (DMSO \[dimethyl sulfoxide\]) or DBZ for 3 d prior to harvest and preparation of whole-cell lysates. A representative Western blot stained for activated NOTCH1 (ICN1) and β-actin is shown.](KnoechelMCS000539_F2){#KNOECHELMCS000539F2}

To further investigate the nature of this patient\'s tumor and its response to BMS-906024, we also performed WES on remission marrow obtained after cycle 2 of GSI. This showed wild-type reads for *NOTCH1*, *PTPN11*, and *CSF3R*, and persistence of the *DNMT3A* mutation at heterozygous dosage. To exclude the possibility of a germline heterozygous *DNMT3A* mutation we performed Sanger sequencing on buccal mucosal DNA obtained from the patient following allogeneic transplantation ([Fig. 3](#KNOECHELMCS000539F3){ref-type="fig"}A). This revealed only wild-type *DNMT3A* reads, in contrast to analyses done on DNA prepared from ETP-ALL blasts and remission marrow pretransplant, which confirmed the presence of homozygous and heterozygous DNMT3A codon 402 mutations, respectively ([Fig. 3](#KNOECHELMCS000539F3){ref-type="fig"}A). These findings are consistent with a scenario in which ETP-ALL arose out of a background of clonal hematopoiesis associated with a heterozygous *DNMT3A* mutation, a relationship revealed by clearance of ETP-ALL following treatment with BMS-906024 ([Fig. 3](#KNOECHELMCS000539F3){ref-type="fig"}B).

![Evidence of ETP-ALL origin from clonal hematopoiesis. (*A*) Sanger sequencing traces of *DNMT3A*. Traces were obtained from DNA obtained from blasts prior to treatment, remission marrow, and saliva following hematopoietic stem cell transplantation. (*B*) Reconstructed clonal evolution of ETP-ALL, based on sequencing of *DNMT3A* as shown in *A*.](KnoechelMCS000539_F3){#KNOECHELMCS000539F3}

To identify likely NOTCH1 target genes, we next performed RNA-seq on blasts treated with GSI or vehicle (DMSO) ([Fig. 4](#KNOECHELMCS000539F4){ref-type="fig"}A). The genes that were most sensitive to GSI included multiple Notch target genes previously identified in cortical T-ALL cells, many of which are regulated by long-range enhancers ([@KNOECHELMCS000539C33]). Surprisingly, *MYC*, an important Notch target gene in cortical T-ALL, was not downregulated by GSI treatment at the level of RNA or protein, as Western blotting showed no change in MYC protein despite a sharp decreased in ICN1 levels following GSI treatment ([Fig. 4](#KNOECHELMCS000539F4){ref-type="fig"}B). We and others recently described a complex multidomain enhancer region 3′ of *MYC* ([@KNOECHELMCS000539C13]; [@KNOECHELMCS000539C34]). In cortical T-ALL cells in which *MYC* is a direct target of Notch, *MYC* transcription is regulated by a conserved CSL/NOTCH1 binding site within the 3′ enhancer region that lies ∼1.3 Mb from the *MYC* promoter. This enhancer element, termed the Notch-dependent Myc enhancer (NDME), is required for thymocyte development and for induction of T-ALL by Notch in mice ([@KNOECHELMCS000539C13]). To understand the lack of responsiveness of *MYC* to Notch inhibition in this case, we performed H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) on blasts obtained prior to BMS-906024 treatment ([Fig. 4](#KNOECHELMCS000539F4){ref-type="fig"}C). This revealed that the NDME was inactive, being largely lacking in H3K27ac marks. In contrast, high levels of H3K27ac marks were observed in a more distal 3′ region termed the BRD4-dependent *MYC* enhancer (BDME), which has been implicated in regulation of *MYC* in acute myeloid leukemia (AML) ([@KNOECHELMCS000539C27]) and in GSI-resistant cortical T-ALL ([@KNOECHELMCS000539C34]). In line with these observations, MYC protein levels in patient blasts were downregulated by the BRD4 inhibitor JQ1 ([Fig. 4](#KNOECHELMCS000539F4){ref-type="fig"}D). Thus, the *MYC* enhancer state in this GSI-responsive ETP-ALL resembles that seen in AML rather than typical cortical-type T-ALL.

![Characterization of likely Notch target genes and *MYC* in ETP-ALL. (*A*) Genes downregulated by the GSI DBZ (1 μ[m]{.smallcaps}) in ETP-ALL blasts. Cells were treated with DBZ or control (DMSO) for 3 d followed by harvest and analysis by RNA sequencing. FPKM represents the log~2~ value of the FPKM (fragments per transcript kilobase per million fragments mapped). (*B*) Effect of the GSI DBZ on MYC levels in leukemic blasts. Blasts were treated with vehicle (DMSO) or DBZ for 3 d prior to harvest and preparation of whole-cell lysates. A representative Western blot stained for MYC and β-actin is shown. (*C*) H3K27ac ChIP-seq landscapes near *MYC*. Aligned reads are shown for leukemic blasts (Pt) and three NOTCH1-mutated T-ALLs, DND41, KOPT-K1, and CUTLL1, that downregulate MYC in response to GSI treatment. (NDME) Notch-dependent *MYC* enhancer; (BDME) BRD4-dependent *MYC* enhancer. (*D*) Effect of the bromodomain inhibitor JQ1 on MYC levels in leukemic blasts. Blasts were treated with vehicle (DMSO) or JQ1 for 3 d prior to harvest and preparation of whole-cell lysates. A representative Western blot stained for MYC and β-actin is shown.](KnoechelMCS000539_F4){#KNOECHELMCS000539F4}

Additional work done to try to further evaluate the basis for the response to GSI in this case included attempts to engraft NSG (NOD *scid* γ) and NSG-S mice (NSG mice expressing IL-3, GM-CSF, and KIT ligand) with patient blasts administered by tail vein injection. No growth was observed in NSG mice. In contrast, leukemic blasts grew out in three of three NSG-S primary recipient mice 6 mo after injection ([Fig. 5](#KNOECHELMCS000539F5){ref-type="fig"}A). Immunohistochemistry revealed that the blasts had detectable ICN1 ([Fig. 5](#KNOECHELMCS000539F5){ref-type="fig"}B), Sanger sequencing of DNA prepared from leukemic blasts confirmed that the tumor maintained the same genotype (data not shown), and flow cytometry confirmed an immunophenotype consistent with ETP-ALL, as the blasts were CD45(dim), CD34+, HLA-DR+, CD3+, CD5+, CD7+, CD13+, and CD33+. Unfortunately, the leukemic blasts failed to grow when reinjected into secondary recipient animals, precluding further analysis.

![Characterization of ETP-ALL grafts in NSG-S mice (NSG mice expressing IL-3, GM-CSF, and KIT ligand). (*A*) Bone marrow histology (hematoxylin and eosin staining, 400× magnification). (*B*) Immunohistochemical staining for activated NOTCH1 (ICN1). Brown nuclear color denotes specific staining; hematoxylin was used as a counterstain.](KnoechelMCS000539_F5){#KNOECHELMCS000539F5}

DISCUSSION {#s3}
==========

Increasing attention is being paid to so-called "super-responders," outlier cases identified within the context of clinical trials in which tumors demonstrate profound responses to targeted therapies ([@KNOECHELMCS000539C21]). We report one such case, a relapsed refractory ETP-ALL arising out of a background of clonal hematopoiesis that demonstrated a complete response to the GSI BMS-906024. To our knowledge, this is the first patient with ETP-ALL who has been treated with a GSI. ETP-ALL is generally been considered to have a poorer prognosis than other T-ALL subtypes, and relapsed refractory disease is rarely curable, even with stem cell transplantation, highlighting the exceptional nature of this case.

Because we were unable to establish a stable patient-derived xenograft from this tumor, we can only speculate on the basis for the response of this tumor to BMS-906024. Although γ-secretase cleaves multiple surface receptors, the presence of a GSI-targetable NOTCH1 gain-of-function mutant associated with high levels of activated NOTCH1 in the leukemic blasts makes it likely that inhibition of Notch signaling was at least partially culpable for the response to BMS-906024 treatment. It has been reported that Notch signaling renders T-ALL cells resistant to killing by glucocorticoids and conversely that GSIs sensitize T-ALL cells to glucocorticoids ([@KNOECHELMCS000539C5]; [@KNOECHELMCS000539C25]). It is worth considering if this interaction might have contributed to the extraordinary responsiveness of this case of ETP-ALL, given that the first doses of BMS-906024 in cycles 1 and 2 were given along with 4 d of dexamethasone. We cannot exclude this possibility, but in short-term culture assays we did not observe any increased killing of patient blasts by dexamethasone in the presence of GSI (data not shown). We also note that following initiation of BMS-906024 blasts disappeared from the peripheral blood gradually over a period of 2--3 wk, without evidence of tumor lysis. Alternatively, *HES1*, the most sensitive gene to Notch inhibition in this patient\'s blasts, has been implicated in maintenance of stemness in a number of cancers ([@KNOECHELMCS000539C18]), suggesting that its downregulation, alone or in combination with other targets such as *HES4*, might have led to clearance of leukemic blasts through differentiation. Study of additional responsive cases and establishment of mouse models will be needed to distinguish among these possibilities.

Unexpectedly, one Notch target gene that is strongly correlated with response to Notch inhibition in cortical T-ALL, *MYC*, was not under the control of Notch in this tumor. Lack of response of *MYC* to Notch inhibition can be explained by the inactivate state of the Notch-dependent *MYC* long-range enhancer (NDME) in this tumor, which appears instead to rely on a BRD4-dependent long-range enhancer (BDME) defined previously in AML ([@KNOECHELMCS000539C27]). It will be of interest to determine if ETP-ALL generally relies on the BDME to drive *MYC*, as this would provide a rationale for treatment of ETP-ALL will BRD4 inhibitors, which are now being tested in clinical trials.

The other oncogenic driver mutations in this case also merit comment. The *CSF3R* and *PTPN11* gain-of-function mutations are in line with other studies showing that mutations in cytokine and growth factor signaling pathways are frequently observed in ETP-ALL ([@KNOECHELMCS000539C4]; [@KNOECHELMCS000539C22]). *CSF3R* mutations are associated with response of chronic neutrophilic leukemia to JAK inhibitors such as ruxilitinib and provide another possible avenue for targeted therapy in ETP-ALL. One other recently reported ETP-ALL associated with the CSF3R I618T mutation ([@KNOECHELMCS000539C20]) also had a NOTCH1 NRR gain-of-function mutation (B Tyner, pers. comm.), indicating that this is a recurrent combination of mutations in this leukemia type. Also remarkable is the *DNMT3A* loss-of-function mutation, which was present in the ETP-ALL at homozygous dosage and persisted in the remission marrow at heterozygous dosage. The latter observation strongly suggests that this patient\'s ETP-ALL arose out of a background of clonal hematopoiesis, a common condition in older adults ([@KNOECHELMCS000539C9]; [@KNOECHELMCS000539C14]).

Unregulated Notch signaling drives normal hematopoietic stem cells to the CD4/CD8 double-positive stage of T-cell development ([@KNOECHELMCS000539C23]); in contrast, Notch-mutated ETP-ALL cells, as in our case, arrest at what appears to correspond to an earlier stage of T-cell development during which cells maintain a potential for myeloid fate. We speculate that the inability of Notch to drive ETP-ALL cells to later stages of T-cell development stems from preexistence mutations (e.g., *DNMT3A* mutations) that skew the potential of hematopoietic stem cells toward myeloid fate. This may also explain the difference in response to Notch inhibition, as ETP-ALL cells represent a different cellular context than cortical-type T-ALL cells, and Notch effects are highly context dependent. Tests of this idea await development of genetically engineered mouse models with the combination of driver genes observed in this case.

METHODS {#s4}
=======

Chromatin Immunoprecipitation (ChIP) {#s4a}
------------------------------------

ChIP was performed as described by Wang and colleagues ([@KNOECHELMCS000539C33]) with the following modifications. Chromatin from formaldehyde-fixed cells (5 × 10^6^ cells per histone mark) was fragmented to a size range of 200--700 bases with a Branson 250 Sonifier. Solubilized chromatin was immunoprecipitated with an antibody against H3K27ac (2.5 μL; ActiveMotif, ab4729), and enrichment for H3K27ac was confirmed by dot blot as described ([@KNOECHELMCS000539C7]). Antibody--chromatin complexes were pulled down with protein G magnetic beads (Dynabead, 10003D), washed and then eluted. After cross-link reversal and proteinase K treatment, immunoprecipitated DNA was treated with RNase and purified with Agencourt AMPure XP (Beckman Coulter A63880). Libraries were prepared according to Illumina\'s instructions. ChIP DNA and input controls were sequenced with the Illumina HiSeq 2500 instrument. ChIP-seq data were processed and analyzed as described ([@KNOECHELMCS000539C33]). Briefly, sequence reads were mapped to human genome build hg38 using Bowtie 2 ([@KNOECHELMCS000539C38]). Uniquely mapped sequence reads were retained ([Table 3](#KNOECHELMCS000539TB3){ref-type="table"}). Genomic enrichment was identified using MACS 2.0 with broad peak calling under a false discovery threshold of 0.01 ([@KNOECHELMCS000539C36]). ChIP-seq traces were produced using the R package Gvis.

###### 

Summary of sequencing studies

  Sample                                     Sequencing type            Total reads   Aligned reads (%)   Average coverage
  ------------------------------------------ -------------------------- ------------- ------------------- ------------------
  Aspirated marrow at presentation           Targeted-exon sequencing   1.6 × 10^7^   96.0                175-fold
  Aspirated marrow at presentation           Whole-exon sequencing      1.3 × 10^9^   90.9                90-fold
  Aspirated marrow at remission              Whole-exon sequencing      9.1 × 10^8^   91.7                124-fold
  Blasts at presentation treated with DMSO   RNA-seq                    1.3 × 10^9^   65.4                NA
  Blasts at presentation treated with GSI    RNA-seq                    7.9 × 10^9^   67.0                NA
  Blasts at presentation                     H3K27ac ChIP-seq           8.1 × 10^8^   98.0                NA

DMSO, dimethyl sulfoxide; RNA-seq, RNA sequencing; GSI, γ-secretase inhibitor; ChIP-seq, chromatin immunoprecipitation sequencing; NA, not applicable.

Targeted Exome Sequencing (TES) and Whole-Exome Sequencing (WES) {#s4b}
----------------------------------------------------------------

TES was performed as described ([@KNOECHELMCS000539C31])*.* WES was performed using DNA extracted from peripheral blood mononuclear cell pellets. Genomic DNA (250 ng) was subjected to shearing, barcoded sequencing library preparation, and hybrid capture as described ([@KNOECHELMCS000539C8]). Libraries were sequenced on the Broad Sequencing Platform (Cambridge, MA) with an Illumina HiSeq 2000 (San Diego, CA) using 76-bp paired-end reads. Sequencing data were aligned to the human reference genome hg19 using Picard tools (<http://broadinstitute.github.io/picard/>). Mutation calls were made on the WES samples with the mutation calling workflow in Firehose (<https://www.broadinstitute.org/cancer/cga/Firehose>) using Mutect ([@KNOECHELMCS000539C3]) with default parameters and enabled to run without matched normal DNA. Each mutation call made by Mutect was annotated using Oncotator ([@KNOECHELMCS000539C24]). Mutations that differed between the diagnostic and remission samples were curated from these lists. Likely driver mutations in *NOTCH1*, *PTPN11*, *DNMT3A*, and *CSF3R* were validated by aligning the original BAM files to hg19 and visualizing aligned reads in IGV ([@KNOECHELMCS000539C26]).

Sanger Sequencing {#s4c}
-----------------

Sanger sequencing of the region containing the *DNMT3A* c.1204C\>T substitution was performed after PCR amplification of genomic DNA obtained from leukemic and remission marrow and from saliva following allogeneic hematopoietic stem cell transplantation using PFU Turbo DNA polymerase (Stratagene) with 100 μM of each primer in the presence of 10% DMSO under standard buffer and MgCl~2~ conditions. PCR conditions were 30 cycles of 95°C × 1 min, 55°C × 2 min, and 72°C × 3 min. PCR amplification products were sequenced directly by GeneWiz. PCR primers are given in Supplemental Table 1.

RNA Sequencing (RNA-seq) {#s4d}
------------------------

RNA-seq was performed on poly(A) selected RNA extracted from 1 × 10^6^ cultured leukemic cells (see below). Complementary DNA synthesis, barcoded library preparation and sequencing were performed as described ([@KNOECHELMCS000539C32]). RNA-seq data were analyzed using the PRADA pipeline as described ([@KNOECHELMCS000539C2]). Resultant data were transformed into gene-level expression values for downstream analysis ([@KNOECHELMCS000539C6]).

Cell Culture and Cell Culture Assays {#s4e}
------------------------------------

Mononuclear cells were isolated from marrow using Ficoll gradients, washed, and resuspended in WIT medium in the presence of MS5 feeder cells expressing the Notch ligand DLL-1 for short-term culture assays, as described ([@KNOECHELMCS000539C35]). To study effects of Notch inhibition, cultures were treated with the GSI DBZ (dibenzazepine, 1 μM) or DMSO vehicle (control). Notch reporter gene assays were performed in U2OS cells as described ([@KNOECHELMCS000539C19]). Antibody against β-actin was obtained from Sigma-Aldrich (A1978), and antibodies against activated NOTCH1 (D3B8) and MYC (9402) were from Cell Signaling Technologies.

Mouse Xenograft Studies {#s4f}
-----------------------

Mononuclear cells from bone marrow aspirate were isolated on Ficoll gradients and injected by tail vein into NOD *scid* IL2R γ chain knockout (NSG) and NSG mice expressing IL-3, GM-CSF, and KIT ligand (NSG-S). Mice were followed for development of leukemia by monitoring the peripheral blood for appearance of blasts expressing human CD45. Immunohistochemical stains for activated NOTCH1 was performed in formalin-fixed paraffin-embedded sections as described ([@KNOECHELMCS000539C15]). All animal studies were performed using protocols approved by the Columbia University Medical Center IACUC.
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